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ABSTRACT: The photochemistry of pyruvic acid (PA) in aqueous atmospheric particles
contributes to the production of secondary organic aerosols. This work investigates the fate of
ketyl and acetyl radicals produced during the photolysis (λ ≥ 305 nm) of 5−100 mM PA
under steady state [O2(aq)] = 260 μM (1.0 ≤ pH ≤ 4.5) for photon ﬂuxes between 1 and 10
suns. The radicals diﬀuse quickly into the water/air interface of microbubbles and react with
dissolved O2 to produce singlet oxygen (1O2*). Furfuryl alcohol is used to trap and bracket the
steady-state production of 2 × 10−12 ≤ [1O*2 ] ≤ 1 × 10−11 M. Ion chromatography mass
spectrometry shows that 2,3-dimethyltartaric acid (DMTA), 2-(3-oxobutan-2-yloxy)-2hydroxypropanoic acid (oxo-C7 product), and 2-(1-carboxy-1-hydroxyethoxy)-2-methyl-3-oxobutanoic acid (oxo-C8 product)
are formed under all conditions investigated. The sigmoidal dependence of initial reaction rates with pH resembles the
dissociation curve of PA. For increasing photon ﬂuxes, the branching ratio of products shifts away from the radical
recombination that favors DMTA toward multistep radical chemistry forming more complex oxocarboxylic acids (oxo-C7 + oxoC8). The large steady-state production of 1O2 indicates that PA in aerosols can be a signiﬁcant source of atmospheric oxidants
on par with natural organic matter.

■

should be expected at such pH ≥ pKa + 2. The unpredicted
photoreactivity changes with pH of PA22,24 demand a systematic
study of the reaction under speciation conditions that cover the
range of molar fractions αPA = 1 and αPA− = 1, for the acid and
base, respectively. Therefore, this work aims to provide a
comprehensible and quantitative study of the eﬀect of pH on the
decay of PA and on the formation of each photoproduct
identiﬁed in our previous work;16 these products are 2,3dimethyltartaric acid (DMTA), 2-(3-oxobutan-2-yloxy)-2-hydroxypropanoic acid (named the oxo-C7 product), 2-(1carboxy-1-hydroxyethoxy)-2-methyl-3-oxobutanoic acid
(named the oxo-C8 product), and acetic acid. Three
recommendations are followed: (1) Utilizing a well-puriﬁed
starting material to avoid confusion with products from
impurities.16,17 (2) Employing methods that eliminate any
possible overlap of each major analyte.16,17 (3) Operating an
experimental setup optimized to work under a constant
dissolved oxygen level, for example, at [O2(aq)] = 260 μM at
25 °C for equilibrium conditions between water and air without
creating hypoxia.25
In addition to reporting the photoprocessing of PA at variable
pH equilibrated with air,13,16,17,25 the eﬀect of other in situgenerated oxidizers is explored. There is no previous report
dealing with the reactivity of singlet oxygen (1O2*) and the
excited state of molecular oxygen, during the photochemistry of

INTRODUCTION
The photo-oxidation of biogenic and anthropogenic emissions
proceeds in the gas phase to generate large quantities of pyruvic
acid (PA),1−4 an abundant species in atmospheric organic
aerosols.5−7 Up to 67% of the formed molecules of gaseous PA
can quickly partition into the aqueous phase of particles8
because of large Henry’s law constant (KH = 3.1 mol kg−1 Pa−1).9
The crystal structure of PA is almost planar with intermolecular
interactions dominated by hydrogen bonding.10 The reported
reactive uptake coeﬃcient of gaseous PA by water, γPA = 0.06,
involves an interfacial accommodation with a perpendicular
orientation of the molecular plane of PA to the surface normal.11
In this conﬁguration, the CO group of PA participates in the
uptake by undergoing cooperative reversible hydration, with an
equilibrium constant KHyd = 2.10 at 25 °C,12 resulting in the
formation of an UV-transparent gem-diol, 2,2-dihydroxypropanoic acid.13 The conjugated CO chromophore of PA is widely
available in water to absorb sunlight and promote photoinduced
reactions.14−19 The estimated rate of production of PA in
atmospheric waters is 1.80 (±0.46) × 109 mol year−1.20
The photochemical loss of fully dissociated PA at pH 6.1 (pKa
= 2.39),21 that is, for a molar fraction of pyruvate αPA− ≥ 0.99, is
an order of magnitude lower than that of undissociated PA.22
The suppression of the photoreaction at high pH has been
attributed to the unavailability of hydrogen in the carboxylic
group for abstraction,23 even though such a target for abstraction
is unlikely and despite the fact that −CH3 groups are still readily
available at high pH. In contrast, the lower gem-diol to carbonyl
ratio in equilibrium for pyruvate results in greater absorption
than that for PA,24 suggesting an enhancement in photoactivity
© 2019 American Chemical Society
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the attenuated intensities in the absorption region 305 ≤ λ ≤ 420
nm, as described previously.25 The eﬀective incident photon
ﬂuxes, I0, reported were obtained after correcting the actinometric measurement by comparing the convoluted spectra of
phenylglyoxylic acid with the lamp versus PA with the lamp. The
full photon ﬂux used in this work (without attenuation) was I0 =
1.13 (0.03) × 10−5 einstein L−1 s−1. The quantum yields
reported correspond to the ratio of the initial reaction rates to
the absorbed photon ﬂux, Ia, which is calculated from eq 1

aqueous PA. In atmospheric waters, 1O*2 can be supplied either
from the gas phase after partitioning or from photochemical
reactions within the aqueous particles.26 The photochemical
formation of 1O2* requires energy transfer from a triplet exited
state of an organic molecule to ground-state O2. In water, under
air saturated conditions and sunlight, the photoexcited triplet
state of PA (3PA*) should form a signiﬁcant amount of 1O2*. Past
measurements in atmospheric waters including unidentiﬁed
chromophores for the fall season have bracketed the range of
[1O*2 (aq)] = 2.7 × 10−14 −1.1 × 10−12 M,27 with an average in
winter of 2.6 × 10−13 M.26
Nevertheless, there are no data regarding 1O2* photoformation and its eﬀect in irradiated waters where PA is mixed
with other markers of atmospheric pollution. Although 1O*2 is
typically a minor sink for refractory compounds in atmospheric
waters, electron-rich species such as furans [i.e., furfuryl alcohol
(FFA)] emitted during biomass burning28,29 can be especially
susceptible to the attack by this oxidizer. Therefore, two major
objectives are needed to advance the understanding of the
photochemistry of PA in atmospheric waters. The ﬁrst objective
is to measure the rate of formation of the previously identiﬁed
photoproducts under variable pH and photon ﬂux for steadystate [O2(aq)]ss = 260 μM. The second objective is to investigate
the formation of 1O2* using FFA (a marker of biomass burning
emissions) under relevant tropospheric conditions.

Ia = I0(1 − e−2.303ϵl[PA]0)
−1

(1)

−1

where ε = 11.3 M cm is the molar absorption coeﬃcient of
PA at λmax = 321 nm, l = 4.50 cm is the reactor path length, and
the initial PA concentration is given by [PA]0.
Equation 1 stipulates that light absorption and therefore the
photolysis rate of this reaction vary linearly16 with [PA]0 only
below ∼1 mM for l = 4.5 cm. The previous important
concept13,16 should have been considered in the UV−visible
spectroscopy work about PA photochemistry37 to avoid
inference-observation confusion. However, for 1 < [PA]0 <
300 mM, the photolysis rate must decrease as the rate of photon
absorption drops. During irradiation, the solutions were
maintained at 25 °C and magnetically stirred while being
continuously sparged with air. Aliquots (5 mL) were removed
from the reactor at regular intervals and analyzed immediately.
Analysis of Products. Organic products were quantiﬁed by
ion chromatography mass spectrometry (IC-MS) using a
Dionex ICS-2000 ion chromatograph (IonPack AS11-HC, 2
mm column) equipped with a conductivity detector and an
electrospray ionization (ESI) mass spectrometer (Thermo
Scientiﬁc MSQ Plus) operating in the negative mode as
described previously.16 The samples were diluted 200 times in
ultrapure water before injection onto the IC column.
Quantiﬁcation was performed using commercially available
standards for pyruvate (JT Baker, 99.4%) and acetate (EM
Science, 99.0%). For products that were unavailable, quantitative 1H nuclear magnetic resonance (qNMR) was used to
calibrate the relative response factor in MS.16,38 These relative
response factors were determined by analyzing the same set of
fresh samples by both qNMR and IC-MS. 1H NMR integrals
provide concentrations from the number of hydrogen atoms
yielding the signal, which allowed the correction of MS
calibrations using pseudostandards for the unavailable compounds as previously described.16 All the reaction rates reported
correspond to initial rates, which are linear unless otherwise
speciﬁed.
Quantiﬁcation of 1O2. FFA (Alfa Aesar, 99.1%), an
abundant biomass burning molecule emitted during biomass
burning, was used in experiments measuring singlet oxygen
(1O2) production. A spike of FFA was added to the solution of
PA immediately before photolysis ([FFA]final = 1.20 mM). The
decay of FFA was followed by high-pressure liquid chromatography (HPLC) (Agilent 1100) using an Agilent XDB-C18
column (5 μm, 4.6 × 150 mm) with UV detection at λ = 218 nm.
Samples were injected (25.0 μL) in the undiluted form into the
column. A ﬂow rate of 1.0 mL min−1 for mixing solvent A made
of 10.0 mM formate buﬀer (sodium formate, Acros, 99.9%;
formic acid, Fisher Optima LC/MS, 99.5%) at pH 3.0 with
solvent B made of acetonitrile (EMD Millipore LC/MS,
99.99%) was employed. Gradient elution allowed FFA to be
separated from PA and the photolysis products by using initially
5% solvent B for 3 min, then ramping to 25% solvent B over 5
min, and holding at 25% solvent B for 1 min. The steady-state

■

EXPERIMENTAL SECTION
Preparation of Experiments. All the reactions were
performed in duplicate using fresh solutions prepared before
each photolysis of PA (Sigma-Aldrich, 98.5%, freshly distilled
under vacuum) dissolved in ultrapure water (18.2 MΩ cm−1,
ELGA PURELAB Flex, Veolia). The plots report the average
value from these experiments with the corresponding standard
deviation as error bars (even though they could be smaller than
the symbols shown). The choice of working concentrations was
described in detail previously; in brief, it was estimated that
acidic aqueous urban aerosols may contain 5−200 mM
PA.13,16,30 The pH of solutions was adjusted by adding
hydrochloric acid (EMD, 37.7%) or sodium hydroxide
(AMRESCO, 99.0%) and measured using a calibrated pH
electrode (Orion, Thermo Scientiﬁc). A 200 mL aliquot of the
pH-adjusted solution was transferred to a 220 mL quartz
photochemical reactor equipped with a jacket for temperature
control (described previously).31 The solution in the photoreactor was sparged at a ﬂow rate of 2.0 mL min−1 in the dark
with air through a 25 μm internal diameter (ID) coarse glass frit
starting 30 min prior to photolysis. Monitoring of [O2(aq)]
during the reactions was carried out by a polarographic oxygen
probe (Thermo Orion, 081010MD) calibrated at maximum
saturation in an air-calibration sleeve and at 0% saturation in a
saturated sodium sulﬁte/CoCl2 solution. In opposition to
previous studies,22,23 this is the ﬁrst time that the eﬀects of pH
and the absorbed photon rate on the photochemistry of aqueous
PA are systematically studied under steady-state dissolved O2
levels.
Photochemical Conditions. The solutions were irradiated
with a 1.0 kW Xe−Hg lamp ﬁltered through (1) water, (2) a
cutoﬀ ﬁlter at λ ≥ 305 nm, and (3) only for the selected
experiments (as indicated in the corresponding caption to
ﬁgures), neutral density ﬁlters to attenuate the photon ﬂux of the
lamp to 67.19, 32.45, 21.50, or 10.56% of the total.16−18,31−35
Chemical actinometry using phenylglyoxylic acid36 was used to
measure the incident photon ﬂux of the full lamp and at each of
12426
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singlet oxygen concentration, [1O2]ss, was calculated by dividing
the experimental rate constant determined in this work by the
recommended value for k 1O2 + FFA = 1.08 × 108 M−1 s−1, which
is corrected for temperature and salt content. 39 The
experimental rate constant was obtained from the slope of a
linear plot of ln([FFA]t/[FFA]0) versus time for the ﬁrst-order
decay process. Figure S1 (Supporting Information) displays an
example of this procedure. No new chromatographic peaks for
hypothetical adducts (i.e., of either PA or its photolytic radicals
with FFA) could be observed, discarding their direct reactivity
with FFA.
Monitoring of Hydroxyl Radicals (HO•). The hypothetical production of HO• is explored while monitoring
photoreactions spiked to [benzoic acid]final = 1.06 mM26,40 or
[terephthalic acid]final = 0.50 mM.41 Detailed information for
this method is available in the Supporting Information. In brief,
the production of HO• can be disregarded during PA photolysis.
The concentrations of benzoic and terephthalic acids remained
constant during irradiation experiments in the presence of each
HO• trap (Figure S2, Supporting Information).

The structures of these products are shown in the mechanism
of Scheme 1. The two chromatographic peaks for each heavier
product than PA are attributed to separable pairs of
diastereomers formed in a radical coupling process, yielding
molecules with more than one chiral center.16,35 In agreement
with our report for a radical mechanism,16,17 under all sets of
conditions used here, the same products are observed, albeit in
diﬀerent ratios.
Figure 2 shows the typical photoreaction kinetics under
continuous air saturated conditions. The trace for [O2(aq)]
versus time (external axes of Figure 2) demonstrates that the
setup was optimized to always maintain air saturated conditions.
The ﬁrst-order decay of PA ﬁts an exponential function with a
rate constant, kPA = 7.43 × 10−5 s−1, and a coeﬃcient of
determination, r2 = 0.995. The concentrations of (in the order of
abundance) DMTA, the sum for the oxo-C7 and oxo-C8
products, and acetic acid increase exponentially according to
the equation
[Product] = [product]∞ (1 − e−k f t )

■

(2)

where [product]∞ is a constant representing the asymptotic
upper limit that would be reached as the time t → ∞ and kf is the
formation rate constant (both given in Table 1). All the
nonlinear ﬁttings in Figure 2 have r2 ≥ 0.993. The stoichiometric
conversion factors of 2, 1, and 3 molecules of PA needed to
produce 1 molecule of DMTA, acetic acid, and the oxo-C7 +
oxo-C8 products, respectively, allow for closing the mass balance
after 1 h of irradiation as shown in Figure 2. In addition, based on
the stoichiometry of each product to the number of PA
molecules consumed,16 the predicted [product]∞ in Table 1 can
explain up to 95.7% of the mass balance as t → ∞, which
demonstrates an excellent understanding of the photoreaction
based on these products. Similarly, the mass balance measured at
the ﬁnal time (1 h) can explain 96.1% of the conversion of PA.
Therefore, the stoichiometric factors employed are veriﬁed to be
correct. In consequence, any missing products are quantitatively
negligible (or any possible missing minor products are at the
level of traces).
A past research work using a reactor with a shorter path length
has demonstrated the exponential behavior,16 described above
for Figure 2. Therefore, the linear appearance of the trends in
Figure 2 is only a consequence of determining most
concentration points during the early decay of PA. For the airsaturated conditions corresponding to Figure 2 ([O2(aq)]ss =
260 μM), the kinetics of the reaction are truly controlled by the
initial [PA]0. Thus, valuable information is provided in Figure 2
to mimic the photolytic process under realistic atmospheric
conditions. This work improves our previous ﬁndings16 (for
small amounts of [O2(aq)] remaining) and shows a higher
production of DMTA than the oxo-C7 + oxo-C8 products in the
presence of [O2(aq)]ss = 260 μM. Similarly, the valuable kf
parameters reported for DMTA and the oxo-C7 + oxo-C8
products (Table 1) are an order of magnitude smaller than
that in our previous report,16 which is consistent with the
scavenging eﬀect oxygen has on the generated radicals.
Upon irradiation of PA (reaction R1a, Scheme 1), a singlet
excited state is produced that undergoes intersystem crossing
(ISC) forming the triplet 3PA* (reaction R1b). This 3PA* is
thermally lost, regenerating ground-state PA (reaction R2) with
a spontaneous decay rate constant kR2 = 2 × 106 s−1,42 or reacts
with ground-state PA (overall reaction R3) via proton-coupled
electron transfer (PCET) to yield two intermediate radical
species, K• and an acyloxyl radical (X•).16 The formation of the

RESULTS AND DISCUSSION
Time Series of PA Loss and Product Formation. Figure 1
shows the ion chromatography separation before and after 1 h

Figure 1. (A) Ion chromatogram with total conductivity detection of
100.0 mM PA at pH 1.0 and 25 °C (red) before and (blue) after 1 h
photolysis (λ ≥ 305 nm) under continuous air sparging through a 25
μm ID frit at 2.0 mL min−1 for an eﬀective photon ﬂux Ia = 1.13 × 10−5
einstein L−1 s−1. The use of HCl for pH adjustment causes the presence
of a chloride peak. (B) IC-ESI(−)/MS-extracted ion chromatograms
for the same experiment in panel A for PA (m/z 87.01), DMTA (m/z
177.04), the oxo-C7 product (m/z 175.06), the oxo-C8 product (m/z
219.05), and acetic acid (m/z 59.01).

photolysis (λ ≥ 305 nm) of 100.0 mM PA at pH 1.0 for the full
photon ﬂux under continuous air sparging, which ensures that
the reaction reported occurs under a constant [O2(aq)] = 260
(±7) μM. The data in Figure 1B display the extracted ion
chromatograms in the negative ionization mode for the reactant
PA at a mass-to-charge ratio (m/z) (m/z) of 87.01 and the main
photoproducts. The chromatographic peaks of photoproducts
registered at m/z 177.04, 175.06, 219.05, and 59.01 are for
DMTA, 2-(3-oxobutan-2-yloxy)-2-hydroxypropanoic acid
(named the oxo-C7 product), 2-(1-carboxy-1-hydroxyethoxy)2-methyl-3-oxobutanoic acid (named the oxo-C8 product), and
acetic acid, respectively.16,17
12427
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Scheme 1. Proposed Mechanism for the Photochemistry of Aqueous PA in the Presence of Dissolved Oxygen, O2(aq)a

Adapted from A. J. Eugene and M. I. Guzman, in “Reactivity of ketyl and acetyl radicals from direct solar actinic photolysis of aqueous pyruvic
acid”, J. Phys. Chem. A, 2017, 121, 15, 2924−2935.16 Copyright 2017 American Chemical Society.

a

Table 1. Exponential Growth Parameters in Eq 2 for the
Products in Figure 2
DMTA
acetic acid
oxo-C7 + oxo-C8 products

[product]∞ (mM)

kf (s−1)

20.4
6.31
16.2

1.10 × 10−4
1.94 × 10−4
4.96 × 10−5

concentrations. Thus, a dominant bimolecular initiation
mechanism (reaction R3) occurs with a rate that exceeds
spontaneous decay (reaction R2).13
The acyloxyl radical X• decarboxylates quickly and irreversibly to form Y• (reaction R4a), which most likely gets hydrated
(reaction R4b). Bimolecular reactions R5a and R7a indicate how
K• and Y• are converted into their respective peroxyl radicals in
the presence of O2(aq). Reactions R5b and R7b result in the
formation of PA and acetic acid, respectively, while reaction R6
produces DMTA from the recombination of K• + K•. Reactions
R8 and R9 account for the respective production of the oxo-C8
and oxo-C7 products. Although reactions R1−R9 were discussed
in detail previously,16 reaction R10 describes the in situ
generation of singlet oxygen during PA photolysis as a new
pathway introduced here.
Experiments under Excess Dissolved O2. A previous
report utilized a 1.6 mm ID single oriﬁce sparger, 25

Figure 2. Kinetics of (gray circle) PA decay and formation of (blue
square) DMTA, (pink diamond) acetic acid, (red star) the oxo-C7
product, and (green triangle) the oxo-C8 product for the same
experiment in Figure 1. The external axes is displayed for the teal trace
of [O2(aq)] vs time.

products is not stopped in air-saturated solutions ([O2(aq)] =
260 μM) or in the presence of [2,2,6,6-tetramethylpiperidin-1oxyl] = 2 mM, a radical scavenger.13,16,25 For the reactant
conversion reported (<30%), PA is always the dominant
absorbing chromophore, producing 3PA* that is quenched by
ground-state PA itself (kQ = 2 × 108 M−1 s−1)42 at the working
12428
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favors decarboxylation) to evaluate an inﬂection point from the
data. These low reaction rates for the oxo-C8 product are
consistent with a near-barrierless concerted β-ketocarboxylic
acid decarboxylation to form the oxo-C7 product, involving
proton transfer (−COOH OCβ) and C−C bond-scission,
releasing CO2 from (initially) quaternary carbon.15,44 The
behavior of acetic acid does not follow a sigmoid to be associated
with a dependance on pH.
The results in Figure 3 support a clear photoreactivity
dependence on the availability of protons, which determines the
amount of undissociated acid as the key participant in the ratelimiting step rather than on available pyruvate. This ﬁnding is
consistent with the results of kinetic isotope eﬀect (KIE)
experiments using D2O as the solvent,16 where the acidic
hydrogen of PA is essentially replaced with deuterium. The large
primary KIEs observed for all the products could only be
rationalized as resulting from the acidic proton being involved in
the key step of each product formation. Thus, the formation of
the initial radical species is controlled in the mechanism (i.e.,
reaction R3a, Scheme 1) by the formation of an excited state
from undissociated PA. Although the excited state from the
dissociated form could be promoted upon irradiation, pyruvate
lacks its acidic proton for completing PCET that creates K• and
X• radicals.45
After ISC, the produced 3PA* can interact directly with a
ground-state PA molecule (overall reaction R3a−c, Scheme 1).
The transfer from the −COOH of PA to 3PA* in a PCET
mechanism could proceed through a six-member ring transition
state with the electron transfer involving CO moieties.14
Considering that a typical C−H bond is 58.6 (±0.1) kJ mol−1
weaker than a O−H bond,46 if pure hydrogen atom abstraction
were to occur, the −CH3 group of PA would be the preferred
source over either its −COOH group or one of the hydroxyl
hydrogens from 2,2-dihydroxypropanoic acid (the more
abundant gem-diol form of PA in equilibrium). However, the
PCET process should be energetically more favorable than
hydrogen abstraction from the −CH3 group because the formed
metastable radical X• decarboxylates exothermically (reaction
R4a).13−15 In agreement with this interpretation, the proton
transfer from the −COOH group has also been calculated to be
more favorable than from the −CH3 groups for the case of PA
clusters formed during supersonic expansion subjected to
electron ionization with 70 eV electrons or photoionization
with UV photons at 193 nm.47
Eﬀect of Photon Flux under Excess Dissolved O2.
Figure 4 demonstrates that the initial reaction rates scale linearly
with the absorbed photon ﬂux. Because the photochemical
quantum yields (Φ) are calculated as the ratio of the initial
reaction rates to the absorbed photon ﬂux, the slopes for each
linear regression line (Figure 4) directly reﬂect the experimental
values of Φ listed in Table 2. The reported Φ values allow for the
comparison of the photoreaction across diﬀerent studies under
excess dissolved O2 and serve as an input parameter for
atmospheric models aiming to improve the understanding of
aqueous processing of organic molecules.
Based on the proposed mechanism in Scheme 1,16 one, two,
and three PA molecules are needed to form one molecule of
acetic acid, DMTA, and the oxo-C7 + oxo-C8 products,
respectively. A weighted sum taking into account the
stoichiometry of the respective products’ quantum yields in
Table 2 results in a total value of 0.62 (±0.04), which is within
the error of the corresponding overall Φ measured for the loss of
PA of 0.58 (±0.02). Therefore, the four products of interest

demonstrating the importance of properly controlling the mass
transfer of O2(g) into water. Notably, the rate-determining step
of the entire photoprocess is controlled by an interfacial reaction
following a Langmuir isotherm, which can result in the creation
of hypoxic conditions.25 In order to fully characterize the
photolytic system operating under nonlimited mass transfer of
O2(g) to water, the experiments in this work are optimized
employing a 25 μm ID frit sparger. The 25 μm ID frit sparger
allows for a true excess O2(aq) environment to be achieved by
increasing the interfacial area available for O2(g) to diﬀuse
across, which increases the eﬃciency of mass transfer for the
reactor. This frit allows for smaller bubbles of gas to be created to
improve the surface area to volume ratio, compared to the use of
a larger 1.6 mm ID sparger,25 enhancing O2(g) molecules’ access
to the gas−liquid interface. Complete O2(aq) saturation
throughout the 1 h irradiation period even for 100 mM PA
solutions is achieved here. In other words, the system was
optimized for keeping a constant [O2(aq)] = 260 μM during the
full irradiation period. The optimized conditions under O2(aq)
excess also enable a kinetically simpliﬁed description of the
system to explore the eﬀects of other parameters, namely, pH
and Ia on photoreaction. Additionally, the signiﬁcance of the
reaction of the photogenerated radicals from PA with O2(aq)
becomes even more apparent than that previously reported.16,43
The overall process starts with the homogeneous photoproduction of carbon-centered radicals, which quickly diﬀuse
into the air/water interface of bubbles to bimolecularly react
with O2-forming products that are desorbed from this interface
and diﬀuse away.25
Eﬀect of pH under Excess Dissolved O2. Figure 3 shows
how the initial reaction rates of PA loss and production of

Figure 3. Initial reaction rate of (gray circle) PA decay and production
of (blue square) DMTA; (red star) oxo-C7 product; (pink diamond)
acetic acid; and (green triangle) oxo-C8 product during irradiation at λ
≥ 305 nm of 100.0 mM solutions of PA at 25 °C and variable initial pH
with constant (nondepleted) air sparging of 2.0 mL min−1 through a 25
μm ID frit. Dashed lines represent nonlinear sigmoid ﬁttings to
experimental data. The solid black line corresponds to the dissociation
fraction of PA (αPA) calculated based on pKa = 2.39 in ref 21.

DMTA and the oxo-C7 product closely resemble sigmoidal
dependence on pH for the speciation of PA (pKa = 2.39).21
From the second derivative of each sigmoid (for PA, DMTA,
and the oxo-C7 product), the average inﬂection point is pH =
2.42 (±0.01), which is within the experimental error from the
pKa of PA. Although the oxo-C8 product trend drops with
increasing pH in Figure 3, the reaction rates are very small
(because of its unstable behavior as a β-ketocarboxylic acid that
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the requirement of three PA molecules for producing the
oxocarboxylic acid products while DMTA requires only two.
The ratio rateDMTA/rateoxo‑C7+oxo‑C8 reaches a maximum of 4.9 at
low photon ﬂux and decays exponentially to level out at ∼2.3 for
medium and high photon ﬂuxes (Figure 5). Importantly, the
branching ratio value of ∼2.3 is obtained from the ratio of (1)
the quantum yields in Table 2 and (2) the ﬁrst-order rate
constants in Table 1. Thus, from the ratio ∼2.3 and the rate
constant for the formation of DMTA (reaction R6, Scheme 1),
kR6 = 2.0 × 109 M−1 s−1, an estimate of the combined rate
constant for formation of the oxocarboxylic acid (oxo-C8 + oxoC7) products of ∼8.7 × 108 M−1 s−1 is found.
Atmospheric Signiﬁcance of Reactions Involving
O2(aq). Our previous work has reported that as much as 90%
of the photoproduced K• radicals are recycled back into PA by
O2(aq).16 The null cycle that could regenerate PA has been
supported by electron spin resonance measurements, optimizing
the saturation signal of the radical generation at a ﬁxed photon
ﬂux.48 In mixed aqueous aerosols, this pathway should provide a
potentially large amount of alkyl peroxy radical (RO2•)
intermediates (e.g., KO2•) of central importance for driving
oxidation reactions49 with other available species. In addition to
forming the alkyl (R•) and RO2• radicals that are so important to
atmospheric chemistry, PA irradiated in the presence of O2(aq)
also forms 1O*2 . Figure 6 shows how irradiation of PA in

Figure 4. Reaction rate of (gray circle) PA decay and production of
(blue square) DMTA; (red star) oxo-C7 product; (pink diamond)
acetic acid; and (green triangle) oxo-C8 product during irradiation at λ
≥ 305 nm of 100.0 mM PA solutions at pH 1.0 and 25 °C with constant
(nondepleted) air sparging (2.0 mL min−1) through a 25 μm ID frit for
variable absorbed photon ﬂux (Ia).

Table 2. Quantum Yields (Φ) under Excess O2(aq)
Calculated from the Slopes in Figure 4
species

Φ

PA
DMTA
oxo-C7 product
oxo-C8 product
acetic acid

5.8 (±0.2) × 10−1
1.8 (±0.1) × 10−1
7.6 (±0.4) × 10−2
1.5 (±0.7) × 10−3
3.2 (±0.1) × 10−2

account for the vast majority, if not all, of PA lost under excess
O2(aq).
Even though the reaction rates scale linearly with increasing
photon ﬂux as shown in Figure 4, the distribution of products
observed is enhanced for the complex oxo-C7 + oxo-C8
products. Figure 5 highlights the previous observation by

Figure 6. Steady-state singlet oxygen production, [1O2]ss, during 1 h
irradiation at λ ≥ 305 nm (Ia = 1.13 × 10−5 einstein L−1 s−1) of airsaturated PA solutions at pH 1.0 and 25 °C under continuous air
sparging through a 25 μm ID frit.

atmospheric aerosols can produce signiﬁcant steady-state
concentrations of 1O2*. The values reported in Figure 6 vary
with the concentration of PA used in the range [1O2]ss = 2.05 ×
10−12 − 8.62 × 10−12 M for a photon ﬂux equivalent to that
provided by an irradiation of 10 suns. For comparison, studies
from irradiated dissolved organic matter (DOM) collected from
fog samples produced [1O2]ss on the order of 10−13 M for winter
solstice levels of photons.50 The increase of [1O2]ss with [PA]0
follows an hyperbolic behavior with a maximum [1O2]max = 1.06
× 10−11 M under this set of conditions. Scaling down the
previous concentration to the photon rate provided by 1 sun
([1O2]max,1sun ≈ 1.06 × 10−12 M) indicates that the potential
production of 1O2 is equivalent to the maximum values reported
by chromophores present in atmospheric waters.27 This large
[1O2]ss indicates that PA in aerosols can be a signiﬁcant source of
atmospheric oxidants on par with natural organic matter. Even
after discounting the larger photon ﬂux, the production of singlet
oxygen by irradiated 5.0 ≤ [PA] ≤ 100.0 mM demonstrates that
2-oxocarboxylic acids can contribute from 2 to 9 times more

Figure 5. Branching ratio calculated as the rate of DMTA (rateDMTA)
production over the sum of the production rates of the two
oxocarboxylic acid products (rateoxo‑C7+oxo‑C8) at variable absorbed
photon ﬂux (Ia) by the solution. All the data are derived from Figure 4.

showing the dependence of the ratio of the initial reaction rate of
products (for the formation of DMTA, rateDMTA, and the oxo-C7
+ oxo-C8 products, rateoxo‑C7+oxo‑C8) with Ia. The oxocarboxylic
acid branch of the mechanism (reactions R8 and R9, Scheme 1)
grows faster than the channel for DMTA production (reaction
R6) for larger absorbed photon ﬂuxes. Such a behavior can be
explained by the increased conversion of PA at higher Ia and by
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[1O2]ss than the diverse mixture of DOM found in fog.50
Furthermore, this result suggests that under solar irradiation of
aerosols containing PA, the chromophore can enhance the
destruction of the aromatic products from biomass burning that
are particularly susceptible to the reaction with 1O*2 .29
This work demonstrates the importance of performing
photochemical experiments under adequate oxygenation
conditions. We have shown that PA, rather than pyruvate, is
the photoactive species required to produce the oligomeric
products,13,16 namely, DMTA and the oxo-C7 and oxo-C8
products, which provides additional indication that the initial
reactive step proceeds through PCET. Concentrations of PA
from 5 to 100 mM are capable of generating 2−9 times more
[1O2]ss than irradiated ﬁeld samples of natural fog waters.
Furthermore, under solar irradiation, PA is so reactive toward
O2(aq) that some coarse-mode aerosols (diameter > 14 μm)
may be oxygen-depleted environments, where diﬀerent radical
chemistry can take place. Finally, any aerosol rich in 2oxocarboxylic acid groups generating triplets should possess
an enhanced oxidation capacity because of the photogeneration
of 1O*2 and RO2• radicals.

■

oxo-C7 product 2-(3-oxobutan-2-yloxy)-2-hydroxypropanoic
acid
R•
any alkyl radical
RO2•
any alkyl peroxy radical
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1
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singlet oxygen
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quantum yield
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formation rate constant
KH
Henry’s law constant
KHyd
hydration equilibrium constant
KIE
kinetic isotope eﬀect
K•
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PCET
proton-coupled electron transfer
Y•
acetyl radical
ss
steady state
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